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TRANSMIT DIVERSITY PROCESSING FOR A 
MULTI-ANTENNA COMMUNICATION SYSTEM 

CLAIM OF PRIORITY UNDER 35 U.S.C. §120 

[0001] The present Application for Patent is a Continua 
tion and claims priority to patent application Ser. No. 
10/674,038 entitled “TRANSMIT DIVERSITY PROCESS 
ING FOR A MULTI-ANTENNA COMMUNICATION 
SYSTEM” ?led Sep. 29, 2003, noW alloWed, and assigned 
to the assignee hereof and hereby expressly incorporated by 
reference herein. 

BACKGROUND 

[0002] 1. Field 

[0003] The present invention relates generally to commu 
nication, and more speci?cally to techniques for processing 
data for transmit diversity in a multi-antenna communication 
system. 

[0004] II. Background 

[0005] A multi-antenna communication system employs 
multiple (NT) transmit antennas and one or more (NR) 
receive antennas for data transmission. The NT transmit 
antennas may be used to increase system throughput by 
transmitting independent data streams from these antennas. 
The NT transmit antennas may also be used to improve 
reliability by transmitting a single data stream redundantly 
from these antennas. 

[0006] A multi-antenna system may also utiliZe orthogo 
nal frequency division multiplexing (OFDM). OFDM is a 
modulation technique that effectively partitions the overall 
system bandWidth into multiple (NF) orthogonal subbands. 
Each subband is associated With a respective subcarrier that 
may be modulated With data. The subbands are also com 
monly referred to as tones, subcarriers, bins, and frequency 
channels. 

[0007] For a multi-antenna system, a propagation path 
exists betWeen each pair of transmit and receive antennas. 
NT~NR propagation paths are formed betWeen the NT trans 
mit antennas and the NR receive antennas. These propaga 
tion paths may experience different channel conditions (e.g., 
different fading, multipath, and interference effects) and may 
achieve different signal-to-noise-and-interference ratios 
(SNRs). The channel responses of the NT~NR propagation 
paths may thus vary from path to path. For a dispersive 
communication channel, the channel response for each 
propagation path also varies across the NF subbands. Since 
the channel conditions may vary over time, the channel 
responses for the propagation paths may vary likewise. 

[0008] Transmit diversity refers to the transmission of data 
redundantly across space, frequency, time, or a combination 
of these three dimensions, to improve the reliability of the 
data transmission. One goal of transmit diversity is to 
maximiZe diversity for the data transmission across as many 
dimensions as possible to achieve robust performance. 
Another goal is to simplify the processing for transmit 
diversity at both a transmitter and a receiver. There is 
therefore a need in the art for techniques to ef?ciently 
process data for transmit diversity in a multi-antenna sys 
tem. 
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SUMMARY 

[0009] Techniques for performing transmit diversity pro 
cessing in a multi-antenna OFDM system are provided 
herein. A transmitter encodes traffic data in accordance With 
a coding scheme to obtain coded data. The coding scheme 
may comprise a ?xed rate base code and a set of repetition 
and/or puncturing patterns for a set of code rates supported 
by the system. The transmitter interleaves the coded data in 
accordance With an interleaving scheme to obtain inter 
leaved data. The transmitter next symbol maps the inter 
leaved data in accordance With a modulation scheme to 
obtain a stream of data symbols. The system may support 
multiple OFDM symbol siZes for improved ef?ciency. The 
same or similar coding, interleaving, and modulation 
schemes may be used for different OFDM symbol siZes to 
simplify the processing at the transmitter and receiver. 

[0010] The transmitter processes each pair of data symbols 
to obtain tWo pairs of transmit symbols for transmission 
from a pair of transmit antennas. Each transmit symbol is a 
version of a data symbol. The tWo pairs of transmit symbols 
may be transmitted from the pair of antennas either (1) on 
the same subband in tWo OFDM symbol periods for space 
time transmit diversity (STTD) or (2) on tWo subbands in the 
same OFDM symbol period for space-frequency transmit 
diversity (SFTD). If NT transmit antennas are available for 
data transmission, then NT~(NT—1)/2 different pairs of anten 
nas may be used to transmit the stream of data symbols. The 
transmitter transforms (e.g., performs OFDM modulation 
on) the stream of transmit symbols for each transmit antenna 
in accordance With a selected OFDM symbol siZe to obtain 
a corresponding stream of OFDM symbols for the transmit 
antenna. 

[0011] The receiver performs the complementary process 
ing to recover the traf?c data, as described beloW. Various 
aspects and embodiments of the invention are described in 
further detail beloW. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0012] FIG. 1 shoWs an access point and tWo user termi 
nals in a multi-antenna OFDM system; 

[0013] 
point; 

[0014] 

FIG. 2 shoWs the transmitter portion of the access 

FIG. 3 shoWs an encoder; 

[0015] FIG. 4 shoWs a repeat/puncture unit and a channel 
interleaver; 

[0016] 
scheme; 

FIG. 5 shoWs a subband-antenna assignment 

[0017] FIG. 6 shoWs a transmit (TX) spatial processor for 
the STTD scheme; 

[0018] FIG. 7 shoWs a TX spatial processor for the SFTD 
scheme; 

[0019] FIG. 8 shoWs a modulator; 

[0020] FIG. 9 shoWs a user terminal With multiple anten 
nas; 

[0021] FIG. 10 shoWs a process for performing transmit 
diversity processing at a transmitter; and 
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[0022] FIG. 11 shows a process for performing data 
reception With transmit diversity at a receiver. 

DETAILED DESCRIPTION 

[0023] The Word “exemplary” is used herein to mean 
“serving as an example, instance, or illustration.” Any 
embodiment described herein as “exemplary” is not neces 
sarily to be construed as preferred or advantageous over 
other embodiments. 

[0024] The transmit diversity processing techniques 
described herein may be used for (1) a multiple-input 
single-output (MISO) system With multiple transmit anten 
nas and a single receive antenna and (2) a multiple-input 
multiple-output (MIMO) system With multiple transmit 
antennas and multiple receive antennas. These techniques 
may also be used for the doWnlink as Well as the uplink. The 
doWnlink (i.e., forWard link) is the communication link from 
an access point (e.g., a base station) to a user terminal (e.g., 
a mobile station), and the uplink (i.e., reverse link) is the 
communication link from the user terminal to the access 
point. For clarity, these techniques are described for the 
doWnlink in an exemplary multi-antenna system that utiliZes 
OFDM. For this exemplary system, the access point is 
equipped With four antennas and each user terminal is 
equipped With one or more antennas. 

[0025] FIG. 1 shoWs a block diagram of an embodiment 
of an access point 110 and tWo user terminals 150x and 150y 
in a multi-antenna OFDM system 100. User terminal 150x 
is equipped With a single antenna 152x, and user terminal 
150y is equipped With multiple antennas 152a through 1521'. 

[0026] On the doWnlink, at access point 110, a transmit 
(TX) data processor 120 receives traf?c data (e.g., informa 
tion bits) from a data source 112, control data from a 
controller 130, and possibly other data from a scheduler 134. 
The various types of data may be sent on different transport 
channels. TX data processor 120 processes (e.g., frames, 
scrambles, encodes, interleaves, and symbol maps) the dif 
ferent types of data based on one or more coding and 
modulation schemes to obtain a stream of modulation sym 
bols. As used herein, a “data symbol” refers to a modulation 
symbol for data, and a “pilot symbol” refers to a modulation 
symbol for pilot. A TX spatial processor 122 receives the 
data symbol stream from TX data processor 120, performs 
spatial processing on the data symbols for transmit diversity, 
multiplexes in pilot symbols, and provides one stream of 
transmit symbols for each transmit antenna. The processing 
by TX data processor 120 and TX spatial processor 122 is 
described beloW. 

[0027] Each modulator (MOD) 126 receives and pro 
cesses a respective transmit symbol stream to obtain a 
stream of OFDM symbols and further conditions (e.g., 
ampli?es, ?lters, and frequency upconverts) the OFDM 
symbol stream to generate a doWnlink signal. Four doWnlink 
signals from four modulators 126a through 126d are trans 
mitted from four antennas 128a through 128d, respectively, 
to the user terminals. 

[0028] At each user terminal 150, one or multiple antennas 
152 receive the transmitted doWnlink signals, and each 
antenna provides a received signal to a respective demodu 
lator (DEMOD) 154. Each demodulator 154 performs pro 
cessing complementary to that performed at modulator 126 
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and provides a stream of received symbols. A receive (RX) 
spatial processor 160 performs spatial processing on the 
received symbol streams from all demodulators 154 to 
obtain a stream of recovered data symbols, Which is an 
estimate of the stream of data symbols transmitted by access 
point 110. An RX data processor 170 receives and demul 
tiplexes the recovered data symbols into their respective 
transport channels. The recovered data symbols for each 
transport channel are then processed (e.g., demapped, 
deinterleaved, decoded, and descrambled) to obtain decoded 
data for that transport channel. The decoded data for each 
transport channel may include recovered user data, control 
data, and so on, Which may be provided to a data sink 172 
for storage and/or a controller 180 for further processing. 

[0029] At each user terminal 150, a channel estimator (not 
shoWn in FIG. 1) estimates the doWnlink channel response 
and provides channel estimates, Which may include channel 
gain (or path gain) estimates, SNR estimates, and so on. RX 
data processor 170 may also provide the status of each 
packet/frame received on the doWnlink. Controller 180 
receives the channel estimates and the packet/frame status 
and assembles feedback information for access point 110. 
The feedback information and uplink data are processed by 
a TX data processor 190, spatially processed by a TX spatial 
processor 192 (if present at user terminal 150), multiplexed 
With pilot symbols, conditioned by one or more modulators 
154, and transmitted via one or more antennas 152 to access 
point 110. 

[0030] At access point 110, the transmitted uplink sig 
nal(s) are received by antennas 128, demodulated by 
demodulators 126, and processed by an RX spatial processor 
140 and an RX data processor 142 in a complementary 
manner to that performed at user terminal 150. The recov 
ered feedback information is provided to controller 130 and 
scheduler 134. Scheduler 134 may use the feedback infor 
mation to perform a number of functions such as (1) 
scheduling a set of user terminals for data transmission on 
the doWnlink and uplink and (2) assigning the available 
doWnlink and uplink resources to the scheduled terminals. 

[0031] Controllers 130 and 180 control the operation of 
various processing units at access point 110 and user termi 
nal 150, respectively. For example, controller 180 may 
determine the maximum rate supported by the doWnlink for 
user terminal 150. Controller 130 may select the rate, 
payload siZe, and OFDM symbol siZe for each scheduled 
user terminal. 

[0032] The processing at access point 110 and user termi 
nal 150 for the uplink may be the same or different from the 
processing for the doWnlink. 

[0033] System 100 utiliZes a set of transport channels to 
transmit different types of data. In an exemplary design, on 
the doWnlink, access point 110 transmits system information 
on a broadcast channel (BCH), control data on a forWard 
control channel (FCCH), and traffic data to speci?c user 
terminals on a forWard channel On the uplink, user 
terminal 150 transmits access data and messages on a 
random access channel (RACH) and traf?c data on a reverse 
channel (RCH). Other system designs may use different 
and/or other transport channels. Transmit diversity may be 
used for each of the transport channels. 

[0034] FIG. 2 shoWs a block diagram of the transmitter 
portion of access point 110. Within TX data processor 120, 
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a framing unit 212 formats each data packet, for example, by 
generating a cyclic redundancy check (CRC) value and 
appending a header for the packet. The CRC value may be 
used by a receiver to determine Whether the packet is 
decoded correctly or in error. The framing may be performed 
for some transport channels and omitted for other transport 
channels. The framing may also be different for different 
transport channels. Each packet is coded and modulated 
separately and designated for transmission over a particular 
time duration (e.g., one or more OFDM symbol periods). A 
scrambler 214 scrambles the framed/unframed data to ran 
domiZe the data. 

[0035] An encoder 216 encodes the scrambled data in 
accordance With a coding scheme and provides code bits. 
The encoding increases the reliability of the data transmis 
sion. A repeat/puncture unit 218 then repeats or punctures 
(i.e., deletes) some of the code bits to obtain the desired code 
rate for each packet. In an embodiment, encoder 216 is a rate 
1/2 binary convolutional encoder. A code rate of 1A may be 
obtained by repeating each code bit once. Code rates greater 
than 1/2 may be obtained by deleting some of the code bits 
from encoder 216. An interleaver 220 interleaves (i.e., 
reorders) the code bits from repeat/puncture unit 218 based 
on an interleaving scheme. The interleaving provides time, 
frequency, and/or spatial diversity for the code bits. 

[0036] A symbol mapping unit 222 maps the interleaved 
data in accordance With a selected modulation scheme and 
provides data symbols. The symbol mapping may be 
achieved by (1) grouping sets of B bits to form B-bit binary 
values, Where B21, and (2) mapping each B-bit binary 
value to a point in a signal constellation corresponding to the 
selected modulation scheme. Each mapped signal point is a 
complex value and corresponds to a data symbol. Symbol 
mapping unit 222 provides a stream of data symbols to TX 
spatial processor 122. 

[0037] Exemplary designs for encoder 216, repeat/punc 
ture unit 218, interleaver 220, and symbol mapping unit 222 
are described beloW. The encoding, interleaving, and symbol 
mapping may be performed based on control signals pro 
vided by controller 130. 

[0038] TX spatial processor 122 receives the stream of 
data symbols from TX data processor 120 and performs 
spatial processing for transmit diversity, as described beloW. 
TX spatial processor 122 provides one stream of transmit 
symbols to each of four modulators 126a through 126d for 
the four transmit antennas. 
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[0039] FIG. 3 shoWs an embodiment of encoder 216, 
Which implements a base code for the system. In this 
embodiment, the base code is a rate 1/2, constraint length 7 
(K=7) convolutional code With generators of 133 and 171 
(octal). 
[0040] Within encoder 216, a multiplexer 312 receives the 
scrambled bits for each packet from scrambler 214 and tail 
bits (e.g., Zeros) and provides the scrambled bits ?rst fol 
loWed by six tail bits. Encoder 216 also includes six delay 
elements 314a through 314f coupled in series. Four adders 
316a through 316d are also coupled in series and used to 
implement the ?rst generator (133). Similarly, four adders 
318a through 318d are coupled in series and used to imple 
ment the second generator (171). The adders are further 
coupled to delay elements 314 in a manner to implement the 
tWo generators of 133 and 171, as shoWn in FIG. 3. 

[0041] The scrambled bits are provided to the ?rst delay 
element 314a and to adders 316a and 318a. For each clock 
cycle, adders 316a through 316d perform modulo-2 addition 
of the incoming bit and four prior bits stored in delay 
elements 314b, 314c, 3146, and 314f to obtain the ?rst code 
bit for that clock cycle. Similarly, adders 318a through 318d 
perform modulo-2 addition of the incoming bit and four 
prior bits stored in delay elements 314a, 314b, 314c, and 
314f to obtain the second code bit for that clock cycle. A 
multiplexer 320 receives and multiplexes the tWo streams of 
code bits from the tWo generators into a single stream of 
code bits. For each scrambled bit qn, Where n is a bit index, 
tWo code bits c1n and c2n are generated, Which results in a 
code rate of 1/2. 

[0042] System 100 supports a set of “rates” for data 
transmission. Table 1 lists an exemplary set of 14 rates 
supported by the system, Which are identi?ed by rate indices 
0 through 13. The rate having index 0 is for a null data rate 
(i.e., no data transmission). Each of the non-Zero rate is 
associated With a particular spectral efficiency, a particular 
code rate, a particular modulation scheme, and a particular 
minimum SNR required to achieve the desired level of 
performance (e.g., 1% packet error rate (PER)) for a non 
fading AWGN channel. Spectral ef?ciency refers to the data 
rate (i.e., the information bit rate) normaliZed by the system 
bandWidth, and is given in units of bits per second per HertZ 
(bps/HZ). The spectral ef?ciency for each rate is determined 
by the coding scheme and the modulation scheme for that 
rate. The code rate and modulation scheme for each rate in 
Table 1 are speci?c to the exemplary system. 

TABLE 1 

Short OFDM 
Symbol 

Long OFDM 
Symbol 

Info Code Info Code 
Spectral Required Bits/ Bits/ Bits/ Bits/ 

Rate E?iciency Code Modulation SNR OFDM OFDM OFDM OFDM 
Index (bps/HZ) Rate Scheme (dB) Symbol Symbol Symbol Symbol 

0 0.00 — — — 0 0 0 0 

1 0.25 ‘A BPSK —1.8 12 48 48 192 
2 0.5 V2 BPSK 1.2 24 48 96 192 
3 1.0 V2 QPSK 4.2 48 96 192 384 
4 1.5 % QPSK 6.8 72 96 288 384 
5 2.0 V2 16 QAM 10.1 96 192 384 768 
6 2.5 5A3 16 QAM 11.7 120 192 480 768 
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TABLE l-continued 

Short OFDM Long OFDM 
Symbol Symbol 

Info Code Info Code 
Spectral Required Bits/ Bits/ Bits/ Bits/ 

Rate E?iciency Code Modulation SNR OFDM OFDM OFDM OFDM 
Index (bps/HZ) Rate Scheme (dB) Symbol Symbol Symbol Symbol 

7 3.0 % 16 QAM 13.2 144 192 576 768 
8 3.5 7/r2 64 QAM 16.2 168 288 672 1152 
9 4.0 2/3 64 QAM 17.4 192 288 768 1152 

10 4.5 % 64 QAM 18.8 216 288 864 1152 
11 5.0 5/6 64 QAM 20.0 240 288 960 1152 
12 6.0 % 256 QAM 24.2 288 384 1152 1536 
13 7.0 7A3 256 QAM 26.3 336 384 1344 1536 

In Table 1, BPSK denotes binary phase shift keying, 
QPSK denotes quadrature phase shift keying, and 
QAM denotes quadrature amplitude modulation. 

[0043] Encoder 216 encodes each packet and generates 
rate 1/2 code bits based on a single base code. All other code 
rates supported by the system (as listed in Table 1) may be 
obtained by either repeating or puncturing the code bits. 

[0044] FIG. 4 shoWs an embodiment of repeat/puncture 
unit 218, Which can be used to generate various code rates 
based on the base code rate of 1/2. Within repeat/puncture unit 
218, the rate 1/2 code bits from encoder 216 are provided to 
either a repeating unit 412 or a puncturing unit 414. Repeat 
ing unit 412 repeats each rate 1/2 code bit once to obtain an 
effective code rate of 1A1. Puncturing unit 414 deletes some of 
the rate 1/2 code bits based on a speci?c puncturing pattern 
to obtain the desired code rate. Table 2 lists exemplary 
puncturing patterns that may be used for the code rates 
supported by the system. Other puncturing patterns may also 
be used. 

TABLE 2 

Code Rate Puncturing Pattern 

11 
11111110111110 
1110111011 
1110 
111001 
1110011001 
11101010011001 

[0045] For a k/n code rate, there are n coded bits for every 
k information bits. The rate 1/2 base code provides 2k rate 1/2 
code bits for every k information bits. To obtain code rate of 
k/n, puncturing unit 218 outputs n code bits for each input 
group of 2k rate 1/2 code bits received from encoder 216. 
Thus, 2k-n code bits are deleted from each group of 2k rate 
1/2 code bits to obtain the n rate k / n code bits. The code bits 
to be deleted from each group are denoted by Zeros in the 
puncturing pattern. For example, to obtain a code rate of 7/12, 
tWo code bits are deleted from each group of 14 code bits 
from encoder 216, With the deleted bits being the 8-th and 
14-th bits in the group, as denoted by the puncturing pattern 
“11111110111110.” No puncturing is performed if the 
desired code rate is 1/2. 

[0046] A multiplexer 416 receives the stream of code bits 
from repeating unit 412 and the stream of code bits from 

puncturing unit 414. Multiplexer 416 provides the code bits 
from repeating unit 412 if the desired code rate is 1A and the 
code bits from puncturing unit 414 if the desired code rate 
is 1/2 or higher. A logic unit 418 receives the coding control 
and generates a puncturing control for puncturing unit 414 
and a multiplexer control for multiplexer 416. 

[0047] Other coding schemes and puncturing patterns 
besides those described above may also be used, and this is 
Within the scope of the invention. For example, a Turbo 
code, a loW density parity check (LDPC) code, a block code, 
some other codes, or any combination thereof may be used 
to encode data. Also, different coding schemes may be used 
for different transport channels. For example, a convolu 
tional code may be used for transport channels carrying 
system information and control data, and a Turbo code may 
be used for transport channels carrying traffic data. 

[0048] With the coding and puncturing schemes described 
above, multiple code rates can be supported With the same 
encoder at the access point and the same decoder at the user 
terminal. This can greatly simplify the designs of the access 
point and the user terminal. 

[0049] System 100 utilizes tWo OFDM symbol sizes to 
achieve greater efficiency. In an exemplary design, a “short” 
OFDM symbol is composed of 64 subbands, and a “long” 
OFDM symbol is composed of 256 subbands. For the short 
OFDM symbol, the 64 subbands are assigned indices of —32 
to +31, 48 subbands (e.g., With indices of K =:{1, . . . , 6, 

8, . . . , 20, 22, . . . , 26}) are used for data transmission and 

are referred to as data subbands, 4 subbands (e.g., With 
indices of :{7, 21}) are used for pilot transmission, the DC 
subband (With index of 0) is not used, and the remaining 
subbands are also not used and serve as guard subbands. For 
the long OFDM symbol, the 256 subbands are assigned 
indices of —128 to +127, 192 subbands (e.g., With indices of 
KL={1, . . . , 24, 29, . . . , 80, 85,. . . , 104}) are used for 

data transmission, 16 subbands (e.g., With indices of :{25, 
. . . , 28, 81, . . . , 84}) are used for pilot transmission, the 

DC subband is not used, and the remaining subbands are 
also not used and serve as guard subbands. 

[0050] The pilot and data subbands for the long OFDM 
symbol may be mapped to the pilot and data subbands for 
the short OFDM symbol based on the folloWing: 
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Where k5 is an index for the subbands of the short OFDM 
symbol (kse KS); 
[0051] kOS is a subband index offset (kOSe{0,1,2,3}); 

[0052] 
and 

[0053] k1 is an index for the subbands of the long OFDM 
symbol (k1 e 

Each data/pilot subband of the short OFDM symbol is 
associated With four data/pilot subbands of the long OFDM 
symbol, Which are associated With four values for the 
subband index offset kos. 

sgn(ks) provides the sign of k5 (i.e., “+” or “—”); 

[0054] Table 1 also lists the number of data bits that may 
be sent in each short and long OFDM symbol for each 
non-Zero rate. A data packet may be sent using any number 
of long OFDM symbols and a small number of short OFDM 
symbols. For example, a data packet may be sent using NL 
long OFDM symbols and NS short OFDM symbols, Where 
NLZO and 3§NS>0. The NS short OFDM symbols at the 
end of the NL long OFDM symbols reduce the amount of 
unused capacity. OFDM symbols of different siZes may thus 
be used to better match the data-carrying capacity of the 
OFDM symbols to the packet payload to maximiZe packing 
ef?ciency. 

[0055] In an embodiment, the same interleaving scheme is 
used for both the short and long OFDM symbols. The code 
bits to be transmitted in each short OFDM symbol are 
interleaved across all 48 data subbands. The code bits to be 
transmitted in each long OFDM symbol are partitioned into 
four blocks, and the code bits in each block are interleaved 
across a respective group of 48 data subbands. For both 
cases, the interleaving is performed over one OFDM symbol 
period. 

[0056] FIG. 4 also shoWs an embodiment of interleaver 
220, Which can be used for both the short and long OFDM 
symbols. Within interleaver 220, a demultiplexer 422 
receives a sequence of code bits for each OFDM symbol 
from repeat/puncture unit 218. The code bit sequence is 
denoted as {ci}, Where i e{0, . . . , 48-B-1} for the short 
OFDM symbol, i e{0, . . . , 192-B-1} for the long OFDM 
symbol, and B is the number of code bits for each modu 
lation symbol. 

[0057] For a short OFDM symbol, multiplexer 422 pro 
vides all 48-B code bits in the sequence to a block interleaver 
424a. Interleaver 424a then interleaves (i.e., reorders) the 
code bits across the 48 data subbands of the short OFDM 
symbol in accordance With the frequency interleaving 
scheme shoWn in Table 3. For this interleaving scheme, each 
code bit in the sequence {ci} is assigned a bit index of i 
modulo-48. The code bits in the sequence are effectively 
partitioned into B groups, With each group containing 48 
code bits that are assigned bit indices of 0 through 47. Each 
bit index is associated With a respective data subband. All 
code bits With the same bit index are transmitted on the data 
subband associated With that bit index. For example, the ?rst 
code bit (With bit index of 0) in each group is transmitted on 
subband —26, the second code bit (With bit index of 1) is 
transmitted on subband 1, the third code bit (With bit index 
of 2) is transmitted on subband —17, and so on. After the 
entire sequence of code bits has been interleaved, block 
interleaver 424a provides the interleaved bits to a multi 
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plexer 426. For the short OFDM symbol, block interleavers 
424b, 424c, and 424d are not used, and multiplexer 426 
provides the interleaved bits from only block interleaver 
424a. 

TABLE 3 

Subband Bit 
Index kS Index 

—26 O 
—25 6 
—24 12 
—23 18 
—22 24 
_21 _ 

—20 3O 
—19 36 
—18 42 
—17 2 
—16 8 
—15 14 
—14 2O 
—13 26 
—12 32 
—11 38 
—10 44 
—9 4 
—8 1O 
_7 _ 

—6 16 
—5 22 
—4 28 
—3 34 
—2 4O 
—1 46 
0 _ 

1 1 
2 7 
3 13 

4 19 
5 25 
6 31 
7 _ 

8 37 
9 43 

1O 3 
11 9 

12 15 
13 21 
14 27 

15 33 
16 39 
17 45 
18 5 
19 11 
2O 17 
21 — 

22 23 
23 29 

24 35 
25 41 
26 47 

[0058] For a long OFDM symbol, demultiplexer 422 
provides the ?rst block of 48~B code bits in the sequence to 
block interleaver 424a, the next block of 48~B code bits to 
block interleaver 424b, the third block of 48~B code bits to 
block interleaver 424c, and the last block of 48~B code bits 
to block interleaver 424d. The four blocks of code bits in 
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interleavers 424a through 424d are assigned subband index 
offsets of kos=0, 1, 2, and 3, respectively. Each block 
interleaver 424 interleaves its code bits across 48 data 
subbands in the manner described above for the short 
OFDM symbol. After the entire sequence of code bits have 
been interleaved, multiplexer 426 receives the interleaved 
bits from block interleavers 424a through 424a' and maps 
these bits in the proper order to the corresponding subbands 
of the long OFDM symbol. In particular, the short OFDM 
symbol subband index kS and the subband index offset kOS for 
each block interleaver 424 are used to generate the corre 

sponding long OFDM symbol subband index k1, as shoWn in 
equation A logic unit 428 receives the OFDM symbol 
siZe from controller 130 and generates the controls for 
demultiplexer 422 and multiplexer 426. 

[0059] FIG. 4 shoWs an exemplary design for channel 
interleaver 220. Other designs that can support both the short 
and long OFDM symbols may also be used. For example, 
one interleaver may be used to store all of the code bits to 

be interleaved. Multiplexer 426 or demultiplexer 422 Would 
then map the code bits from this interleaver to the proper 
subbands. 

[0060] The frequency interleaving scheme shoWn in Table 
3 assigns code bits With even indices (after the puncturing) 
to subbands With negative indices and code bits With odd 
indices to subbands With positive indices. For code rate 1/2, 
the code bits from the ?rst generator 133 are transmitted on 
subbands With negative indices and the code bits from the 
second generator 171 are transmitted on subbands With 
positive indices. The code bits may also be shuffled such that 
the code bits from each generator are spread across all data 
subbands. 

[0061] The interleaving may be performed in various other 
manners. For example, after the interleaving across the data 
subbands, the code bits for each subband may further be 
interleaved over multiple OFDM symbol periods to achieve 
time diversity. 

[0062] For both the short and long OFDM symbols, inter 
leaver 220 provides a sequence of interleaved code bits for 
each OFDM symbol. The sequence contains B interleaved 
code bits for each data subband. Symbol mapping unit 222 
then maps the interleaved code bits to data symbols based on 
a modulation scheme determined by the selected rate, as 
shoWn in Table 1. 

[0063] Table 4 shoWs the symbol mapping for six modu 
lation schemes supported by the system. For each modula 
tion scheme (except for BPSK), B/2 code bits are mapped to 
an inphase (I) component and the other B/2 code bits are 
mapped to a quadrature (Q) component. In an embodiment, 
the signal constellation for each modulation scheme is 
de?ned based on Gray mapping. With Gray mapping, neigh 
boring points in the signal constellation (in both the I and Q 
components) differ by only one bit position. Gray mapping 
reduces the number of bit errors for the more likely error 
events, Which correspond to a received symbol being 
mapped to a location near the correct location, in Which case 
only one code bit Would be detected in error. 
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TABLE 4 

BPSK 

ha I Q 

0 -1 0 
1 1 0 

QPSK 

b0 1 b1 Q 

0 -1 0 -1 
1 1 1 1 

16 QAM 

bubl 1 b2b3 Q 

00 -3 00 -3 
01 -1 01 -1 
11 1 11 1 
10 3 10 3 

64 QAM 

000102 1 b3b4b5 Q 

000 -7 000 -7 
001 -5 001 -5 
011 -3 011 -3 
010 -1 010 -1 
110 1 110 1 
111 3 111 3 
101 5 101 5 
100 7 100 7 

256 QAM 

00010203 1 040,060. Q 

0000 -15 0000 -15 
0001 -13 0001 -13 
0011 -11 0011 -11 
0010 -9 0010 -9 
0110 -7 0110 -7 
0111 -5 0111 -5 
0101 -3 0101 -3 
0100 -1 0100 -1 
1100 1 1100 1 
1101 3 1101 3 
1111 5 1111 5 
1110 7 1110 7 
1010 9 1010 9 
1011 11 1011 11 
1001 13 1001 13 
1000 15 1000 15 

Normalization Factor Kmod 

Modulation Scheme Value 

BPSK 1.0 

QPSK 1N2 
16 QAM l/V? 

[0064] For each of the four QAM modulation schemes 
shoWn in Table 4, the left-most bit for each component is 
least likely to be received in error and the right-most bit for 
each component is most likely to be received in error. To 
achieve equal likelihood of error for each bit position, the B 
bits that make up each QAM symbol may be shuffled. This 
Would in effect implement interleaving across the dimen 
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sions of the QAM symbols such that the code bits forming 
the QAM symbols are mapped to different bit positions of 
the QAM symbols. 

[0065] The I and Q values for each modulation scheme 
shoWn in Table 4 are scaled by a normalization factor Kmod 
so that the average poWer of all signal points in the associ 
ated signal constellation is equal to unity. The normaliZation 
factor for each modulation scheme is shoWn in Table 4. 
QuantiZed values for the normaliZation factors may also be 
used. The data symbol s(k) for each data subband Would then 
have the folloWing form: 

Where keKS for the short OFDM symbol and keKL for the 
long OFDM symbol; 

[0066] I and Q are the values in Table 4 for the selected 
modulation scheme; and 

[0067] Kmod is dependent on the selected modulation 
scheme. 

[0068] System 100 performs spatial processing to achieve 
transmit diversity across tWo dimensions. In an embodiment, 
system 100 implements (1) space-time transmit diversity 
(STTD) on a per-subband and per-OFDM-symbol-pair basis 
to achieve space and time diversity for the short OFDM 
symbol and (2) space-frequency transmit diversity (SFTD) 
on a per-subband-pair and per-OFDM-symbol basis to 
achieve space and frequency diversity for the long OFDM 
symbol. 

[0069] An exemplary STTD scheme for the short OFDM 
symbol operates as folloWs. Suppose that tWo data symbols, 
denoted as s1 and s2, are to be transmitted on a given 

subband. The access point generates tWo vectors, x1=[s1 s2]T 
and x2=[s2* —s1*]T Where “*” denotes the complex conjugate 
and “T” denotes the transpose. Each vector includes tWo 
transmit symbols that are to be transmitted from tWo anten 
nas in one OFDM symbol period (e.g., vector x1 is trans 
mitted from tWo antennas in the ?rst OFDM symbol period, 
and vector x2 is transmitted from tWo antennas in the next 
OFDM symbol period). Each data symbol is thus transmit 
ted over tWo OFDM symbol periods (e.g., transmit symbol 
s1 is transmitted from one antenna in the ?rst symbol OFDM 
period, and transmit symbol —s1* is transmitted from another 
antenna in the next OFDM symbol period). 

[0070] If the user terminal is equipped With a single 
antenna, then the received symbols may be expressed as: 

Where r1 and r2 are tWo received symbols for tWo consecu 
tive OFDM symbol periods; 

[0071] h1 and h2 are the path gains from the tWo transmit 
antennas to the receive antenna for the subband under 

consideration; and 

[0072] n1 and n2 are the noise for the tWo received symbols 
r1 and r2, respectively. 
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[0073] The user terminal may derive estimates of the tWo 
data symbols, s1 and s2, as folloWs: 

[0074] Alternatively, the access point may generate tWo 
vectors as x1=[s1—s2*]T and xi =[S2s1*]T and transmit these 
tWo vectors sequentially in tWo OFDM symbol periods. The 
user terminal may derive estimates of the tWo data symbols 
as s1=(h1*1r+h2r2*)/ot and s2=(—h2r1*+h1*r2)/ot, Where 
O‘=|h1|2"'|h2|2 
[0075] The above description may be extended for a 
system With tWo or more transmit antennas, multiple receive 
antennas, and multiple subbands. TWo transmit antennas are 
used for each data subband. Suppose that tWo data symbols, 
denoted as s1(k) and s2(k), are to be transmitted on a given 
subband k. The access point generates tWo vectors x1(k)= 
[s1(k) s2(k)]T and x2(k)=[s2*(k) —s1*(k)]T or equivalently tWo 
symbol ssss {X1(1<)}={s1(1<) s2*(1<)} and {Xj(1<)}={s2(1<) 
—s1*(k)}. Each symbol set includes tWo transmit symbols 
that are to be transmitted sequentially in tWo OFDM symbol 
periods from a respective antenna on subband k (i.e., symbol 
set is transmitted on subband k from antenna i in tWo 
OFDM symbol periods, and symbol set is transmit 
ted on subband k from antenna j in the same tWo OFDM 
symbol periods). 
[0076] If the user terminal is equipped With multiple 
antennas, then the received symbols may be expressed as: 

r2(k)=h;(k)52*(k)-hj(k)51*(k)+”2(k) (5) 
Where 5 (k) and r2(k) are tWo symbol vectors received in 
tWo consecutive OFDM symbol periods on subband k at the 
user terminal, With each vector including NR received sym 
bols for NR receive antennas; 

[0077] hi(k) and hJ-(k) are the vectors of path gains for 
transmit antennas i and j, respectively, for subband k, With 
each vector including the channel gains from the associated 
transmit antenna to each of the NR receive antennas; and 

[0078] n1(k) and n2(k) are the noise vectors for the tWo 
received symbol vectors r1(k) and ri(k), respectively. 

[0079] The user terminal may derive estimates of the tWo 
data symbols, s1(k) and s2(k), as folloWs: 

Eq (6) 

AH H A 

hi (kml (k) — n2 (kMJ-(k) 
+ — and 
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-continued 
AH H A 

aj (ml (k) —n, (mt-(k) 

Ilia/0H2 + Nil-(9H2 

[0080] Alternatively, the access point may generate tWo 
symbol sets xi(k)={s1(k) s2(k)} and x]-(k)={—s2*(k) s1*(k)} 
and transmit these symbol sets from antennas i and j. The 
user terminal may derive estimates of the tWo data symbols 

as g1(1<)=[hiH(1<)£1(1<)+£2H(1<)?j(1<)l/l3 and §2(1<)=[EH(1<)£2(1<) 
£1H(1<)hj(k)]/ 6, Where B=|lhi(k)|l2+|lhj(k)#2 
[0081] The STTD scheme utiliZes one pair of transmit 
antennas for each data subband. If the access point is 
equipped With tWo transmit antennas, then both antennas are 
used for all 48 data subbands of the short OFDM symbol. If 
the access point is equipped With four transmit antennas, 
then each antenna is used for half of the 48 data subbands. 
Table 5 lists an exemplary subband-antenna assignment 
scheme for the STTD scheme for the short OFDM symbol. 

TABLE 5 

Subband Transmit 
Index kS Antennas 

—26 1, 2 
—25 3, 4 
—24 1, 3 
—23 2, 4 
—22 1, 4 
_21 _ 

—20 2, 3 
—19 1, 2 
—18 3, 4 
—17 1, 3 
—16 2, 4 
—15 1, 4 
—14 2, 3 
—13 1, 2 
—12 3, 4 
—11 1, 3 
—10 2, 4 
—9 1, 4 
—8 2, 3 
_7 _ 

—6 1, 2 
—5 3, 4 
—4 1, 3 
—3 2, 4 
—2 1, 4 
—1 2, 3 
O _ 

1 3, 4 
2 1, 2 
3 2, 4 
4 1, 3 
5 2, 3 
6 1, 4 
7 _ 

8 3, 4 
9 1, 2 
1O 2, 4 
11 1, 3 
12 2, 3 
13 1, 4 
14 3, 4 
15 1, 2 
16 2, 4 
17 1 3 
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TABLE 5-continued 

Subband Transmit 
Index kS Antennas 

18 2, 3 
19 1, 4 
2O 3, 4 
21 — 

22 1, 2 
23 2, 4 
24 1, 3 
25 2, 3 
26 1 4 

[0082] FIG. 5 illustrates the subband-antenna assignment 
scheme shoWn in Table 5. For this scheme, transmit antennas 
1 and 2 are used for subbands With indices {—26, —19, —13, 
—6, 2, 9, 15, 22}, transmit antennas 3 and 4 are used for 
subbands With indices {-25, —18, —12, —5, 1, 8, 14, 20}, and 
so on. There are six different antenna pairings With four 
transmit antennas. Each of the six antenna pairings is used 
for 8 data subbands, Which are spaced approximately uni 
formly across the 48 data subbands. The antenna pairing to 
subband assignment is such that different antennas are used 
for adjacent subbands, Which may provide greater frequency 
and spatial diversity. For example, antennas 1 and 2 are used 
for subband —26, and antennas 3 and 4 are used for subband 
—25. 

[0083] The antenna-subband assignment in Table 5 is also 
such that all four transmit antennas are used for each code 
bit for the loWest code rate of 1A, which maximiZes spatial 
diversity. For code rate 1A, each code bit is repeated and sent 
on tWo subbands that are mapped to tWo disjoint antenna 
pairs so that all four antennas are used to transmit that code 
bit. For example, bit indices 0 and 1 in Table 3 correspond 
to the same repeated code bit, the code bit With index 0 is 
transmitted from antennas I and 2 on subband —26, and the 
code bit With index 1 is transmitted from antennas 3 and 4 
on subband 1. 

[0084] The long OFDM symbol is approximately four 
times the duration of the short OFDM symbol. To minimiZe 
processing delay and buffering requirements, space-fre 
quency transmit diversity is used to transmit tWo long 
OFDM symbols concurrently on tWo subbands from tWo 
antennas. 

[0085] An exemplary SFTD scheme for the long OFDM 
symbol operates as folloWs. Suppose that tWo data symbols, 
denoted as s(k1) and s(k1+1), are generated and mapped to 
tWo adjacent subbands of a long OFDM symbol. The access 
point transmits symbols s(k1) and s(k1+1) from tWo antennas 
on subband k1 and transmits symbols s*(k1+1) and —s*(l<1) 
from the same tWo antennas on subband k1+1. Adjacent 
subbands are used for the pair of data symbols because the 
channel response is assumed to be approximately constant 
over the tWo subbands. 

[0086] If the access point is equipped With tWo transmit 
antennas, then both antennas are used for all 192 data 
subbands of the long OFDM symbol. If the access point is 
equipped With four transmit antennas, then the same sub 
band-antenna assignment scheme shoWn in Table 5 may also 
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be used for the long OFDM symbol. In this case, a subband 
of index k1 for the long OFDM symbol is ?rst mapped to a 
corresponding subband of index kS for the short OFDM 
symbol, as folloWs: 

k1 + SgnUw) + kos Eq (7) 
ks = 1+1 

[0087] Where [Z] is a ?oor operator that provides the 
nearest loWer integer for Z, and kOS is the subband index 
offset for long OFDM subband index k1 (kOS e{0, 1, 2, 3}. 
The antenna pair corresponding to the mapped short 
OFDM symbol subband index k5 is determined from 
Table 5 and used for the long OFDM symbol subband 
With index k1. 

[0088] For the SFTD scheme, the processing at the user 
terminal to obtain estimates of the tWo data symbols can be 
performed as shoWn in equations (4) and HoWever, the 
computation is performed on received symbols obtained on 
tWo subbands instead of tWo OFDM symbol periods. 

[0089] FIG. 6 shoWs a block diagram of a TX spatial 
processor 122a, Which implements the STTD scheme for the 
short OFDM symbol. TX spatial processor 122a is one 
embodiment of TX spatial processor 122 in FIG. 1. 

[0090] Within TX spatial processor 122a, a demultiplexer 
612 receives a stream of data symbols, {s(k)}, from TX data 
processor 120, demultiplexes the stream into 48 data symbol 
substreams for the 48 data subbands of the short OFDM 
symbol, and provides each substream to a respective space 
time encoder 620. Each substream includes one data symbol 
for each short OFDM symbol period, Which corresponds to 
a symbol rate of TS_1, Where TS is the duration of one short 
OFDM symbol. 

[0091] Within each space-time encoder 620, a demulti 
plexer 622 demultiplexes the data symbol substream into 
tWo symbol sequences, With each sequence having a symbol 
rate of (2TS)_1. The ?rst symbol sequence is provided to a 
“0” input of a sWitch 628a and a unit 624b, Which inverts 
and conjugates each symbol in the sequence. The second 
symbol sequence is provided to a “0” input of a switch 621% 
and a unit 624a, Which conjugates each symbol in the 
sequence. A delay unit 626a delays the symbols from unit 
624a by one short OFDM symbol period and provides the 
delayed symbols to a “1” input of sWitch 628a. A delay unit 
626b delays the symbols from unit 624b by one short OFDM 
symbol period and provides the delayed symbols to a “1” 
input of switch 621%. SWitch 628a toggles at the short 
OFDM symbol rate and provides symbol set {xi(k)}={s1(k) 
s2*(k)} for one transmit antenna for each tWo OFDM 
symbol periods. Similarly, switch 621% toggles at the short 
OFDM symbol rate and provides symbol set {xi(k)}={s2(k) 
—s1*(k)} for another transmit antenna for each tWo OFDM 
symbol periods. 
[0092] Buffers/multiplexers 630a through 630d buffer and 
multiplex the transmit symbols from space-time encoders 
620. Each buffer/multiplexer 630 receives pilot symbols and 
transmit symbols from the appropriate space-time encoders 
620, as determined by Table 5. In particular, buffer/multi 
plexer 630a receives transmit symbols for all subbands 
mapped to antenna 1 (e.g., subbands —26, —24, —22, —19, and 
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so on), buffer/multiplexer 630b receives transmit symbols 
for all subbands mapped to antenna 2 (e.g., subbands —26, 
—23, —20, —19, and so on), buffer/multiplexer 630C receives 
transmit symbols for all subbands mapped to antenna 3 (e. g., 
subbands —25, —24, —20, —18, and so on), and buffer/ 
multiplexer 630d receives transmit symbols for all subbands 
mapped to antenna 4 (e.g., subbands —25, —23, —22, —18, and 
so on). 

[0093] Each buffer/multiplexer 630 then, for each short 
OFDM symbol period, multiplexes four pilot symbols for 
the four pilot subbands, 24 transmit symbols for 24 data 
subbands, and 36 signal values of Zero (or “Zero” symbols) 
for 36 unused subbands to form a sequence of 64 transmit 
symbols for the 64 total subbands. Although there are 48 
data subbands for the short OFDM symbol, only 24 sub 
bands are used for each transmit antenna for the STTD 
scheme because only tWo antennas are used for each sub 
band, and the effective number of unused subbands for each 
antenna is thus 36 instead of 12. Each transmit symbol in the 
sequence may be a transmit symbol from encoder 620, a 
pilot symbol, or a Zero symbol and is sent on one subband 
in one short OFDM symbol period. Each buffer/multiplexer 
630 provides a stream of transmit symbols for one 
transmit antenna. Each transmit symbol stream contains 
concatenated sequences of 64 transmit symbols, one 
sequence for each OFDM symbol period. 

[0094] FIG. 7 shoWs a block diagram of a TX spatial 
processor 122b, Which implements the SFTD scheme for the 
long OFDM symbol. TX spatial processor 122b is another 
embodiment of TX spatial processor 122 in FIG. 1. 

[0095] Within TX spatial processor 122b, a demultiplexer 
712 receives a stream of data symbols, {s(k)}, from TX data 
processor 120, demultiplexes the stream into 192 data sym 
bol substreams for the 192 data subbands of the long OFDM 
symbol, and provides each pair of substreams to a respective 
space-frequency encoder 720. Each substream includes one 
data symbol for each long OFDM symbol period, Which 
corresponds to a symbol rate of TL_1, Where TL is the 
duration of one long OFDM symbol. 

[0096] Each space-frequency encoder 720 receives a pair 
of data symbol substreams for tWo subbands k1 and k1+1. 
Within each encoder 720, a unit 724a conjugates each 
symbol in the substream for subband k1+1, and a unit 724b 
inverts and conjugates each symbol in the substream for 
subband k1. Each encoder 720 provides (1) the tWo data 
symbol substreams to tWo buffers/multiplexers 730 for tWo 
associated antennas for transmission on subband k1 and (2) 
the tWo substreams from units 724a and 724b to the same 
tWo antennas for transmission on subband k1+1. The symbol 
rate for all substreams into and out of each space-frequency 
encoder 720 is TL_1. 

[0097] Each buffer/multiplexer 730 receives pilot symbols 
and transmit symbols from the appropriate space-frequency 
encoders 720, as determined by equation (7) and Table 5. In 
particular, buffers/multiplexers 730a, 730b, 730C, and 730d 
receive transmit symbols for all subbands mapped to anten 
nas 1, 2, 3, and 4, respectively. Each buffer/ multiplexer 730 
then, for each long OFDM symbol period, multiplexes 16 
pilot symbols for the 16 pilot subbands, 192 transmit sym 
bols for 192 data subbands, and 48 Zero symbols for 48 
unused subbands to form a sequence of 256 transmit sym 
bols for the 256 total subbands. For the SFTD scheme, all 








